The transverse dynamics of a 28.5-GeV electron beam propagating in a 1.4 m long, ͑0 2͒ 3 10 14 cm 23 plasma are studied experimentally in the underdense or blowout regime. The transverse component of the wake field excited by the short electron bunch focuses the bunch, which experiences multiple betatron oscillations as the plasma density is increased. The spot-size variations are observed using optical transition radiation and Cherenkov radiation. In this regime, the behavior of the spot size as a function of the plasma density is well described by a simple beam-envelope model. Particle acceleration by space charge waves in plasmas is attractive because such waves can have accelerating gradients that are orders of magnitude larger than those found in conventional radio-frequency structures [1] . While plasma waves with accelerating gradients of greater than 100 GeV͞m have been driven in plasmas by laser pulses, the acceleration length has been limited to about a millimeter [2] . On the other hand, plasma waves have been driven by electron beams over a length of about 12 cm, but the gradients have been limited to about 25 MeV͞m [3] . In the same experiment, the matching of the beam to the plasma has also been demonstrated [4] . In the experiment now being conducted at the Stanford Linear Accelerator Center a prototype plasma accelerator stage that would demonstrate high-gradient acceleration over a distance of greater than a meter is being developed. It requires the stable propagation of high current ͑.1 kA͒, very short (few ps) drive electron bunches through dense ͑.10 14 cm 23 ͒ plasmas. The propagation of such bunches through a long, dense column of plasma has time dependent and plasma density dependent transverse behavior that can be theoretically predicted.
Particle acceleration by space charge waves in plasmas is attractive because such waves can have accelerating gradients that are orders of magnitude larger than those found in conventional radio-frequency structures [1] . While plasma waves with accelerating gradients of greater than 100 GeV͞m have been driven in plasmas by laser pulses, the acceleration length has been limited to about a millimeter [2] . On the other hand, plasma waves have been driven by electron beams over a length of about 12 cm, but the gradients have been limited to about 25 MeV͞m [3] . In the same experiment, the matching of the beam to the plasma has also been demonstrated [4] . In the experiment now being conducted at the Stanford Linear Accelerator Center a prototype plasma accelerator stage that would demonstrate high-gradient acceleration over a distance of greater than a meter is being developed. It requires the stable propagation of high current ͑.1 kA͒, very short (few ps) drive electron bunches through dense ͑.10 14 cm 23 ͒ plasmas. The propagation of such bunches through a long, dense column of plasma has time dependent and plasma density dependent transverse behavior that can be theoretically predicted.
In this Letter, the phenomena predicted when sending an unmatched beam into a long plasma are demonstrated experimentally; namely multiple oscillations of the beam spot size as a result of the betatron motions of the beam particles, and time dependent variation of the beamenvelope size because of finite rise time of the beam and response time of the plasma electrons. Transverse envelope dynamics apparent with unmatched beams allow a quantitative comparison to be done with a theoretical model that takes into account the transverse component of the wake field, thereby lending confidence to the design of future matched plasma wake field accelerators.
Previous experiments on the focusing of electron beams in plasmas have shown good agreement with envelope models in the overdense regime where the plasma density is larger than the beam density [5] , and in the return current cancellation regime [6] where the transverse spot size of the electron beam is comparable to the plasma skin depth c͞v p . Focusing of a positron beam in a 3 mm long plasma, with parameters comparable to those of the electron beam used for the present experiment has recently been reported [7] . This Letter presents the first experimental study of monoenergetic, ultrarelativistic beam propagation in long dense plasmas in the underdense or blowout regime where the beam density is larger than the plasma density. These conditions are relevant to future high energy plasma accelerators. In the plasma wake field accelerator the plasma wave, or wake, is driven by a short, relativistic electron bunch. The plasma wake has longitudinal accelerating fields and transverse focusing fields. The transverse component of the wake focuses the beam which can overshoot, and undergo multiple betatron oscillations over the plasma length.
The head of a round bunch of radius s r , length s z , and with N electrons, with a density n b N͑͞2p͒ 3͞2 s 2 r s z larger than the plasma density n p expels all the plasma electrons to a radius r c a͓N͑͞2p͒ 3͞2 s z n p ͔ 1͞2 , where a 1 for a long bunch and a 2 for a short bunch of the order of a plasma wavelength long. In this underdense or blowout regime, the focusing strength of the pure ion column S is that of a uniform cylinder of charge density n p [8] : S n p e͞2ce 0 . It is constant over much of the bunch length, and is constant over the radius of the ion column, which acts as a plasma lens free of geometrical aberrations. The behavior of the electron beam with normalized emittance e N is described by the beam-envelope equation [9] :
where K ͑eS͞gm e c͒ 1͞2 v p ͑͞2g͒ 1͞2 c is the plasma restoring constant, v p ͑n p e 2 ͞e 0 m e ͒ 1͞2 is the electron plasma frequency, g is the beam relativistic factor, and c is the speed of light in vacuum. The beam-envelope evolution before and after the plasma is described by Eq. (1) 
p L, and can amount to multiples of p in a long, dense plasma.
The simple results presented above provide guidance for interpreting the wake fields obtained from fully relativistic, three-dimensional particle in cell simulations [10] . The transverse component of the field obtained from these simulations is shown in Fig. 1 for two beam radii. For both radii, n b . n p . The electrons in the head of the bunch expel the plasma electrons, and the transverse focusing strength increases along the bunch. Figure 1 shows that for a given plasma density, the blowout occurs sooner for a larger bunch density (smaller s r ). In the case where b beam . b plasma , the blowout is reached earlier in the bunch as the bunch is focused within the plasma. Numerical simulations show that the time to reach blowout depends on the beam density and not on the plasma density. Near the tail of the bunch, a defocusing field region exists where the plasma electrons rush back to the axis (ഠp͞v p in the bunch, Fig. 1 ). Table I with s r 35 mm (continuous line) and s r 70 mm (dashed line) in a plasma with n p 2 3 10 14 cm 23 as obtained from particle-in-cell numerical simulations. The peak defocusing field strength is greater than 216 000 T͞m at ഠ5.5 ps (not visible).
The experimental setup [11] is shown in Fig. 2 . In the experiment performed at the Stanford Linear Accelerator Center the 28.5 GeV electron beam from the main linac is transported through the final focus test beam line to a 1.4-m-long plasma with a density in the ͑0 2͒ 3 10 14 cm 23 range. The plasma is produced by singlephoton ionization of a lithium vapor contained in a heat-pipe oven [12, 13] , by an ultraviolet laser pulse. The initial plasma density (at the time the laser fires) is obtained from the number of absorbed photons and the volume of the lithium vapor intercepted by the laser beam. The plasma density is allowed to decay for a few microseconds by recombination and diffusion to obtain a more uniform plasma. The typical time for the plasma density to decrease by a factor of 2 is about 12 ms [13] . The plasma density at the time the electron beam traverses the plasma is obtained from the plasma initial density and decay rate, from the minima of the beam spot size observed downstream from the plasma as a function of the uv laser pulse energy (Fig. 3) , and from the Cherenkov radiation emitted by the electron beam in the lithium vapor. It was previously shown that the values of n p obtained simultaneously using the two last methods are in good agreement [14] . The typical electron beam and plasma parameters are given in Table I . Note that n b . n p for the entire range of experimental parameters. The size of the beam is monitored by imaging the optical transition radiation (OTR) emitted when traversing thin titanium foils located ഠ1 m upstream and ഠ1 m downstream from the plasma. The spatial resolution of the 1:1 imaging system is ഠ20 mm. After exiting the plasma, the electron beam travels through a dipole magnet and a thin piece of aerogel located ഠ12 m from the plasma (Fig. 2) . The Cherenkov light emitted from the aerogel is imaged onto a charge coupled device camera, and also onto the slit of a streak camera to obtain the time-integrated and the time-resolved spot size of each bunch, with a time resolution of ഠ1 ps and a spatial resolution of ഠ100 mm. Figure 3 shows the horizontal ͑s x ͒ and vertical ͑s y ͒ beam spot sizes measured at the downstream OTR location as functions of the plasma density expressed as the phase advance C L of the bunch particles over the plasma length. Note that the electron beam parameters are different in both planes. In the case of Fig. 3 the plasma density is varied by changing the ionizing laser pulse energy. The maximum value of n p is ഠ1.8 3 10 14 cm 23 at C L ഠ 3.4p. The beam spot sizes s x and s y are defined as the root-meansquare of Gaussian fits to the OTR images summed in the vertical and horizontal directions, respectively. The first minimum (C L ഠ 0.5p on Figs. 3a and 3b) corresponds to the plasma acting as an extended lens [15] , and the reduction in spot size at that location is roughly a factor of 2 in both planes compared to a typical shot to shot variations of 610% in both planes for the incoming beam (upstream OTR location). The beam spot-size modulation observed when increasing the plasma density is the result of the multiple minima of the beam envelope within the plasma.
In order to compare the experimental data to the envelope model predictions, the beam emittance, initial spot size, and convergence angle at the plasma entrance (or equivalently, the beam Courant-Snyder parameters) need to be known. Although the electron beam parame- ters of the final focus test beam [17] are well known, scattering of the beam when traversing the beryllium window (75 mm thick), the titanium OTR foil (37.5 mm at 45 deg), and the SiO 2 pellicle (212 mm at 45 deg) located before the plasma increases the beam emittance and changes the waist location as compared to vacuum propagation values. The SiO 2 pellicle used to make the ionizing laser pulse colinear with the electron beam is responsible for most of the beam emittance growth. It accounts for normalized emittance growths [16] (1) and the values measured in the experiment is very good in the horizontal plane (Fig. 3a) , and reasonable in the vertical plane (Fig. 3b) , even though the model does not include possible spherical aberrations due to plasma inhomogeneities, or longitudinal aberrations due to the head to tail increase of the focusing force. However, Fig. 1 shows that in the case of the 35 mm beam radius, more than 75% of the charge of the beam experiences a focusing strength larger than 90% of the blowout value. The effect of the spot size variations along the bunch is thus expected to be a small contribution to the measurement of the time integrated spot sizes (Fig. 3) . Other possible effects that could lead to a difference between the measured spot sizes and those predicted by the simple model include the presence and oscillation of a beam tail, and the effect of the defocusing field in the tail region of the beam.
As shown in Fig. 1 , because of the inertia of the plasma electrons the electron beam experiences a focusing strength that varies along the bunch from zero to that of a pure ion channel. Therefore different time slices of the beam can experience different number of betatron oscillations over the length of the plasma. In order to investigate this dynamic change in beam envelope experimentally, the beam spot size is made larger ͑s x ഠ s y ഠ 75 mm͒, causing the blowout to be reached later in the bunch. The dynamic range and temporal resolution of the streak camera as well as the vertical dispersion place a limit on the temporal and spatial features observed in the experiment. In the absence of plasma the beam radius in the vertical plane at the Cherenkov radiator location (Fig. 2) is s y ഠ 600 mm, and is constant along the bunch as can be seen in Table I , with s r 75 mm. Additional scattering from a pellicle and foils located after the plasma contribute to the observed spot size.
envelope is seen on a typical streak camera image (Figs. 4d and 4e). With a plasma density of ഠ0.2 3 10 14 cm 23 or C L ഠ 1.2p, the streak camera image shows defocusing of the head of the bunch, followed by a refocusing of the bunch to approximately its original size. Note that at this low plasma density only very small energy loss and no energy gain are expected.
A beam-envelope model described above is applied with the time-dependent transverse fields to describe the features of the single bunch dynamic focusing shown in Fig. 4 . The focusing force experienced by each individual beam slice is obtained from the transverse field derived from the numerical simulations (Fig. 1) for the relevant bunch parameters. Each slice is propagated in the plasma and in vacuum using Eq. (1), and the time resolved beam envelope reconstructed. The result of this procedure with the same parameters as those of the experiment is shown in Figs. 4c and 4f . Figure 4f shows that as the focusing strength increases along a single bunch, different slices of the beam experience a different number of envelope oscillations. There is a reasonable qualitative agreement between the experimental result (Figs. 4d and 4e ) and the model (Fig. 4f) .
In summary, the propagation of a 28.5 GeV electron beam in a 1.4 m plasma has been demonstrated. The beam density is larger than the plasma density, and the beam is not matched to the plasma. The beam envelope undergoes multiple oscillations over the plasma length. The corresponding variations of the beam spot size with the plasma density are clearly observed experimentally. The transverse dynamics of the beam in the underdense or blowout regime is well described by considering the action of an ideal ion column on the electron beam envelope. The time dependent transverse dynamics associated with the plasma channel formation by the head of the bunch is observed with a large radius electron beam in a low density plasma. The experimental observation of the beam transverse dynamics is a direct evidence of the excitation of the large amplitude transverse plasma wake and implies that a loss of energy by the particles in the core of the electron bunch has occurred. This will be the subject of a future publication.
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